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Shape oexistene in the light krypton isotopes was studied in two low-energy Coulomb exitation
experiments using radioative
74
Kr and
76
Kr beams from the SPIRAL faility at GANIL. The
ground-state bands in both isotopes were populated up to the 8
+
state via multi-step Coulomb
exitation, and several non-yrast states were observed. Large sets of matrix elements were extrated
for both nulei from the observed -ray yields. Diagonal matrix elements were determined by
utilizing the reorientation eet. In both isotopes the spetrosopi quadrupole moments for the
ground-state bands and the bands based on exited 0
+
2
states are found to have opposite signs. The
experimental data are interpreted within a phenomenologial two-band mixing model and model-
independent quadrupole invariants are dedued for the relevant 0
+
states using the omplete sets of
matrix elements and the formalism of quadrupole sum rules. Conguration mixing alulations based
on triaxial Hartree-Fok-Bogolyubov alulations with the Gogny D1S eetive interation have been
performed and are ompared both with the experimental results and with reent alulations using
the Skyrme SLy6 eetive interation and the full generator-oordinate method restrited to axial
shapes.
PACS numbers: 21.10.Ky, 21.60.-n, 23.20.Js, 25.70.De, 27.50+e
I. INTRODUCTION
The shape of an atomi nuleus is a fundamental prop-
erty reeting the spatial distribution of the nuleons.
Closed-shell nulei are always spherial in their ground
state sine all orientations in spae of the nuleon orbitals
are equally probable. In nulei with open shells the ou-
pation of ertain shape-driving orbitals tends to polarize
the nuleus. To rst order, when desribing the nulear
potential by a simple harmoni osillator, the binding en-
ergy is independent of the sign of the elongation param-
eter, and ompressed ellipsoidal (oblate) and elongated

Present address: ISOLDE, CERN, CH-1211 Geneva, Switzerland
y
Present address: Gesellshaft fur Shwerionenforshung, D-64291
Darmstadt, Germany
z
Present address: DEN/DTN/SMTM, CEA Cadarahe, F-13108
Saint-Paul-lez-Durane, Frane
x
Present address: Institut de Physique Nuleaire, IN2P3-CNRS,
F-91406 Orsay Cedex, Frane
{
Present address: Department of Physis, University of Guelph,
Guelph, Ontario, N1G 2W1, Canada

Present address: DAPNIA/SAp, F-91191 Gif-sur-Yvette, Frane
yy
Deeased.
zz
Present address: Department of Physis, University of York, Hes-
lington, York, YO10 5DD, UK
(prolate) shapes should be equally probable [1℄. Calula-
tions performed with more realisti potentials show that
prolate ground states are muh more abundant. This ten-
deny is also onrmed by experiments showing a strong
dominane of prolate ground-state shapes. This observa-
tion an be related to the shell struture of nulei and in
partiular to the strength of the spin-orbit term relative
to the radial term of the nulear potential [2℄. Both ex-
periments and theory show that the prolate dominane is
partiularly evident in heavy nulei (Z;N > 50), where
the shell struture has hanged from a harmoni osilla-
tor type to a Mayer-Jensen type with a high-j intruder
orbital in eah major shell. In lighter nulei (Z;N < 40)
prolate and oblate solutions appear more evenly in the
ground states.
Many neutron-deient nulei in the mass A = 70 80
region, espeially lose to the N = Z line, have a large
quadrupole deformation in their ground state. In addi-
tion, oblate and prolate shapes are predited to oexist
within a very small energy range of a few hundred keV.
This shape oexistene is due to the ompetition of large
shell gaps in the partile level sheme for both oblate
and prolate deformation at proton/neutron numbers 34,
36, and 38. The neutron-deient Se and Kr isotopes are
hene ideal andidates for the study of shape polarization
and shape-mixing properties. Deformed shell-model al-
ulations predit that the N = Z nulei
68
Se and
72
Kr
2have oblate ground states with a prolate onguration
oexisting at low exitation energy [3℄. The situation is
predited to be inversed for heavier isotopes, where a pro-
late ground state is expeted to oexist with an exited
oblate onguration.
A rst experimental indiation of shape oexistene
in even-even nulei is the observation of a low-lying 0
+
2
state, whih an be interpreted as the ground state of a
dierent shape. If both 0
+
states are (intrinsially) de-
formed, one would expet two rotational bands related to
the dierent shapes. If the ongurations ome lose in
energy, the wave funtions of states of the same spin and
parity an mix and ause a distortion of the rotational
bands. Shape oexistene in light krypton isotopes was
rst suggested by Pierey et al. [4℄ in order to explain
the irregularities in the ground-state bands at low spin.
A metastable low-lying 0
+
2
state, i.e. a shape isomer, was
rst reported for
74
Kr [5, 6℄. More reently, an isomeri
0
+
2
state was observed in
72
Kr [7℄, extending the system-
atis to the N = Z line. The exitation energy of the
0
+
2
states is dereasing from
78
Kr to
74
Kr and then in-
reasing again for
72
Kr. The measured strengths of the
eletri monopole transitions 
2
(E0), on the other hand,
is maximal for
74
Kr. The mixing amplitudes of the wave
funtions were derived from the distortion at low spin
of the otherwise regular rotational bands, and were also
found maximal for
74
Kr [7℄. These observations were in-
terpreted as evidene for an inversion of the ground-state
deformation with dereasing neutron number:
78
Kr and
76
Kr are assumed to be prolate in their ground state,
while an oblate shape beomes the ground state of
72
Kr.
For
74
Kr the intrinsi states of opposite deformation are
assumed to be almost degenerate, and the measured dis-
plaement of the two physial 0
+
states is mostly due to
the repulsion of the strongly mixed states [7℄. This shape
oexistene senario is onlusive, but it is only based on
indiret measures of the nulear shapes. Neither the sign
of the deformation nor the mixing of the low-spins states
have been determined experimentally.
Low-energy Coulomb exitation is a well-established
method to study olletive exitations in nulei [8℄. When
two nulei are passing eah other on lose trajetories,
but without oming into the range of the nulear inter-
ation, olletive states an be exited in a purely ele-
tromagneti proess. Sine the interation time is rel-
atively long, several suessive exitations are possible,
populating states up to relatively high spins. From the
measured (dierential) Coulomb exitation ross setion
the orresponding eletromagneti matrix elements an
be extrated. Diagonal matrix elements an be deter-
mined and the (intrinsi) shape parameters extrated via
seond-order interferene terms in the exitation proess.
Sensitivity to the diagonal matrix elements omes for ex-
ample from the reorientation eet, whih is aused by
seond-order transitions between the magneti sub-states
of an exited state [9℄. Coulomb exitation is thus the
only method that an diretly distinguish between dier-
ent shapes of the nuleus and is ideally suited to verify
the shape oexistene senario in the light Se and Kr
isotopes.
Until very reently Coulomb exitation experiments at
low energy were limited to stable or very long-lived nu-
lei, both for projetile or target exitation. With the
availability of radioative ion beams (RIBs) from ISOL
failities, suh experiments are now starting to beome
possible for projetile exitation of short-lived unstable
nulei. In-ight failities annot deliver pure low-energy
radioative beams with aeptable emittane and are
therefore only suitable for intermediate-energy, but not
for low-energy Coulomb exitation experiments. For a
preise determination of diagonal matrix elements it is
neessary to measure the dierential Coulomb exitation
ross setion (or the exitation probability) very au-
rately at safe energies well below the Coulomb barrier
over a large range of sattering angles. A variation of the
atomi number Z of the target nuleus inreases the sen-
sitivity of the measurement. The SPIRAL faility [10℄ at
GANIL (Caen, Frane) delivers high-quality RIBs, and
espeially rare gases are produed with relatively high
intensities. Two projetile Coulomb exitation exper-
iments were performed with beams of
74
Kr and
76
Kr,
respetively. The high preision of the data allowed ex-
ploiting the reorientation eet for the rst time with
radioative beams.
II. EXPERIMENTAL DETAILS
The radioative
74
Kr and
76
Kr beams were produed
at the SPIRAL faility [10℄ at GANIL by fragmentation
of an intense primary beam of stable
78
Kr of 10
12
par-
tiles per seond at 68:5A MeV on a thik arbon pro-
dution target. The radioative speies were extrated,
ionized in an ECR soure, and post-aelerated in the
K = 265 CIME ylotron to 4:4A MeV for
76
Kr and
4:7A MeV for
74
Kr. The average seondary beam in-
tensity was 510
5
and 10
4
pps for
76
Kr and
74
Kr, respe-
tively. Due to the exellent mass separation of the CIME
ylotron isobari ontaminants are strongly suppressed;
only in the ase of
74
Kr a small
74
Se ontamination of
1% was observed. The
76
Kr and
74
Kr projetiles were
Coulomb exited on
208
Pb targets of 0.9 and 1.0 mg/m
2
thikness, respetively. The prodution sheme of the ra-
dioative beams and the experimental set-up are shown
shematially in Fig. 1.
Both experiments used the same experimental set-up.
The sattered projetiles and the reoiling target nulei
were deteted in an annular, highly segmented double-
sided silion strip detetor (DSSD) of 300 m thikness.
The detetor was plaed 25 mm downstream from the
208
Pb target. The ative area with inner and outer radii
of 11 and 35 mm, respetively, was segmented into 16 on-
entri rings and 16 azimuthal setors. The energy reso-
lution of the silion detetor was suÆient to distinguish
between the sattered Kr projetiles and the reoiling Pb
nulei. This allowed a full kinematial reonstrution of
3Ion Source
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FIG. 1: Prodution sheme of the radioative
74
Kr and
76
Kr
beams and shemati view of the detetion set-up.
the Coulomb exitation events when either the Kr or the
Pb nuleus was deteted. The DSSD overed sattering
angles between 23.8
Æ
and 54.5
Æ
in the laboratory frame
orresponding to a ontinuous range of sattering angles
between 24
Æ
and 145
Æ
in the enter-of-mass frame. For
the sattering angles overed by the DSSD the distane
of losest approah d between projetile and target nulei
always orresponded to \safe" values to ensure a purely
eletromagneti exitation, fullling the ondition [11℄
d > 1:25(A
P
+A
T
)
1=3
+ 5 fm: (1)
The segmentation of the silion detetor allowed measur-
ing the dierential Coulomb exitation ross setion as a
funtion of sattering angle. Unsattered projetiles left
the target area through the entral hole in the detetor,
reduing the radioative bakground from the beam.
The  rays depopulating the Coulomb-exited states
were deteted in the EXOGAM array [12℄ of large seg-
mented germanium lover detetors with esape suppres-
sion shields. Eah lover detetor omprises four individ-
ual germanium rystals, and eah rystal is eletrially
segmented into four longitudinal segments. The array
omprised six full-size and one smaller lover detetor for
the
76
Kr experiment, and seven large and four smaller
detetors for the
74
Kr experiment. The detetors were
plaed at 90
Æ
and 135
Æ
with respet to the beam axis,
and the distane between the front fae of the detetors
and the target was 11.2 m for the large and 14 m for
the smaller detetors. The eÆieny for full-energy ab-
sorption of a 1.3 MeV  ray was measured to be 12%
during the
74
Kr experiment. Events were reorded when
at least one  ray was deteted in oinidene with one
of the ollision partners. The oinidene requirement
suppressed the very large bakground from the radioa-
tive beam almost ompletely. The segmentation of both
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FIG. 2: Total -ray spetrum in logarithmi sale after
Coulomb exitation of the 4:4A MeV
76
Kr beam on a
208
Pb
target of 0.9 mg/m
2
thikness in oinidene with either the
sattered beam partile or reoiling target nuleus.
the germanium and the silion detetors allowed a preise
determination of the relative angle between sattered Kr
projetiles and the emitted  rays. After Doppler orre-
tion a resolution of 8 keV was obtained for a  ray of 500
keV.
III. DATA ANALYSIS AND RESULTS
A.
76
Kr Experiment
The total Doppler orreted -ray spetrum in oin-
idene with either the sattered
76
Kr projetiles or the
reoiling
208
Pb target nulei is shown in Fig. 2. The
spetrum is very lean and neither bakground from the
radioative deay of the beam nor from isobari ontam-
inants of the beam are present. Data were olleted for
50 hours with a seondary beam intensity of 510
5
pps.
The ground-state band was observed up to the 8
+
state,
populated in multi-step Coulomb exitation, and several
non-yrast states were exited. A partial level sheme of
76
Kr is presented in Fig. 3, showing all states that were
inluded in the Coulomb exitation analysis and all tran-
sitions that were observed. All states and transitions of
the level sheme in Fig. 3 had been observed previously
[13℄.
The 0
+
2
state at 770 keV, whih is a andidate for hav-
ing a shape dierent from that of the ground state, is
populated and its deay to the 2
+
1
state observed. The
2
+
3
state at 1687 keV is feeding the 0
+
2
state. However,
this transition of 918 keV is not fully resolved from the
4
+
2
! 4
+
1
transition with 923 keV. The J = 2 sequene
above the 2
+
2
state at 1222 keV has been interpreted [14℄
as a K = 2 quasi-gamma band together with a J = 2
sequene on top of a 3
+
state at 1733 keV, whih was
not populated in the present Coulomb exitation exper-
iment. The 2
+
2
state of this band, on the other hand,
4FIG. 3: Partial level shemes of
74
Kr (left) and
76
Kr (right)
showing all transitions observed in the measurement and their
energies in keV and all states that were inluded in the
Coulomb exitation analysis.
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FIG. 4: Dierential Coulomb exitation ross setion to pop-
ulate the 2
+
1
, 4
+
1
, and 6
+
1
states in
76
Kr. The angular ranges
(in the enter-of-mass system) overed by the working rings
of the segmented silion detetor are labeled A-D.
was populated and possibly also the 4
+
2
state, so that all
even-spin members of the band have been inluded in the
Coulomb exitation analysis.
In order to extrat matrix elements from the dieren-
tial Coulomb exitation ross setions and the observed
-ray yields, the data was divided into several sub-sets
orresponding to dierent ranges of sattering angles.
Beause the innermost rings and some rings in the en-
ter of the segmented silion detetor were not funtioning
properly, only a partial range of sattering angles overed
by the detetor was used in the analysis. This is illus-
trated in Fig. 4, whih shows the ross setion to pop-
ulate the states of the ground-state band as a funtion
of sattering angle (in the enter-of-mass frame). The
ranges that were used in the analysis are indiated by
the vertial lines and are given in Table I. The exi-
tation probability for the small sattering angles, where
TABLE I: Observed -ray transitions in
76
Kr with their inten-
sities (without eÆieny orretion) for four dierent ranges
of enter-of-mass sattering angles.
Data set I

i
I

f
E

(keV) Counts Error
A 2
+
1
0
+
1
424 18426 190
[39:5
Æ
; 49:0
Æ
℄ 4
+
1
2
+
1
610 1122 50
6
+
1
4
+
1
825 41 9
2
+
2
2
+
1
797 132 16
2
+
2
0
+
1
1221 77 14
0
+
2
2
+
1
346 154 40
B 2
+
1
0
+
1
424 11595 140
[61:4
Æ
; 71:8
Æ
℄ 4
+
1
2
+
1
610 2141 61
6
+
1
4
+
1
825 171 18
2
+
2
2
+
1
797 211 18
2
+
2
0
+
1
1221 113 15
0
+
2
2
+
1
346 314 35
C 2
+
1
0
+
1
424 14123 168
[71:0
Æ
; 87:7
Æ
℄ 4
+
1
2
+
1
610 3343 82
6
+
1
4
+
1
825 503 31
8
+
1
6
+
1
1019 91 14
2
+
2
2
+
1
797 413 29
2
+
2
0
+
1
1221 203 20
0
+
2
2
+
1
346 706 51
2
+
3
0
+
2
918
a
4
+
2
4
+
1
923
a
81 18
D 2
+
1
0
+
1
424 5924 83
[107:0
Æ
; 121:5
Æ
℄ 4
+
1
2
+
1
610 2308 68
6
+
1
4
+
1
825 493 50
8
+
1
6
+
1
1019 115 21
2
+
2
2
+
1
797 251 40
2
+
2
0
+
1
1221 177 34
0
+
2
2
+
1
346 789 75
2
+
3
0
+
2
918
a
4
+
2
4
+
1
923
a
118 23
a
Unresolved doublet; yield of the sum of both transitions.
the ross setion to populate the 2
+
1
state is largest, ould
not be measured. However, the ranges where the higher-
lying states are populated with the highest ross setions
are overed by the detetor. Moreover, the sensitivity to
higher-order eets, whih allow determining the diago-
nal matrix elements, omes mostly from the large sat-
tering angles. The division of the total data into the four
ranges shown in Fig. 4 was found to be a good ompro-
mise between the largest possible number of data sub-
sets for dierent angular ranges and the minimum level
of statistis required to extrat the -ray yields from the
individual spetra.
The -ray spetra for the four data sets are shown in
Fig. 5 and the -ray yields extrated from these spe-
tra are summarized in Table I. As the enter-of-mass
sattering angle is inreasing for the data sets from A to
D, the impat parameter and the distane of losest ap-
proah are dereasing. As a onsequene, the probability
to populate states at higher exitation energy and higher
angular momentum via multi-step exitation is strongly
enhaned for large sattering angles. This is illustrated
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FIG. 5: Spetra after Coulomb exitation of
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Kr on
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Pb for the four sub-sets of data orresponding to dierent ranges of
sattering angles as dened in Table I.
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in Fig. 6, where the -ray yields are plotted as funtions
of the sattering angle for several transitions normalized
to the 2
+
1
! 0
+
1
transition. The -ray yields show not
only a strong dependene on the sattering angle, but
this dependene also diers signiantly for the dierent
transitions, whih illustrates the sensitivity of the data
to the matrix elements.
B.
74
Kr Experiment
The prodution rate of
74
Kr with SPIRAL is at the
limit of feasibility for a measurement of spetrosopi
quadrupole moments with the low-energy Coulomb ex-
itation tehnique utilizing the reorientation eet. An
average seondary beam intensity of 10
4
pps was ahieved
during the experiment. The lower beam intensity om-
pared to the
76
Kr experiment was partly ompensated by
a longer running time of 150 hours. Furthermore, the
experimental diÆulties onerning the silion detetor
ould be resolved and a larger range of sattering angles
was overed. The number of germanium lover detetors
in the EXOGAM array was also inreased, resulting in a
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FIG. 7: Total -ray spetrum after Coulomb exitation of the
4:7A MeV
74
Kr beam on a
208
Pb target of 1.0 mg/m
2
thik-
ness in oinidene with either the sattered beam partile or
reoiling target nuleus.
higher full-energy detetion eÆieny of 12% at a -ray
energy of 1.3 MeV. Even though the seondary beam in-
tensity for
74
Kr was 50 times smaller ompared to the
76
Kr experiment, the level of statistis was only redued
by a fator of ve. The total -ray spetrum in oini-
dene with either sattered
74
Kr projetiles or reoiling
target nulei is shown in Fig. 7. Besides transitions in
74
Kr the 2
+
1
! 0
+
1
transition of
74
Se is also visible in
the spetrum. Its strength aounts for 1.2% of the total
beam intensity. No other ontaminants of the beam were
observed.
A partial level sheme of
74
Kr with the observed tran-
sitions is presented in Fig. 3. As was the ase for
76
Kr,
the ground-state band of
74
Kr was populated up to the
8
+
state. The metastable 0
+
2
state at 508 keV was in-
terpreted as a shape isomer orresponding to a shape
dierent from that of the ground state [7℄. This state is
populated via the 694 keV transition from the 2
+
2
state.
Its deay proeeds via an enhaned E0 transition to the
ground state and a strongly onverted E2 transition of 52
keV to the 2
+
1
state [5{7℄ and is therefore not observed in
this experiment. The 2
+
2
state also deays to the 2
+
1
and
6diretly to the ground state. The branhing ratio for the
deay of the 2
+
2
state is known from an earlier measure-
ment [15℄. A 4
+
2
state is expeted above the 2
+
2
state as
part of a rotational struture, but has not been reported
previously. A new transition is observed at 910 keV in
the spetrum of Fig. 7, whih does not orrespond to any
known transition in
74
Kr or neighboring nulei that ould
potentially ontaminate the beam. Beause the energy
and, as will be shown, the matrix element of this transi-
tion agree with the expeted rotational state, a 4
+
2
state
is tentatively plaed at 2112 keV. We have also obtained
weak  oinidene data onrming the above assign-
ment, but an alternative interpretation of the 910 keV
peak as a 4
+
2
! 4
+
1
transition annot be ompletely ex-
luded. In this ase the 4
+
2
state would be loated 188
keV lower.
A third 0
+
state at 1654 keV and a third 2
+
state at
1741 keV exitation energy have been observed after 
deay [15℄. The 0
+
3
! 2
+
1
transition of 1198 keV is not
resolved from the 2
+
2
! 0
+
1
transition of 1202 keV. The
larger width of the peak at 1200 keV, however, shows that
the 0
+
3
state was also populated. The 2
+
3
! 0
+
2
transition
of 1233 keV is visible as a shoulder of this peak, and a
very weak transition at 1285 keV is interpreted as the
2
+
3
! 2
+
1
transition.
The full data set for
74
Kr was divided into four ranges
of sattering angles as shown in Table II. The rst two
ranges, A and B, orrespond to the detetion of the
74
Kr projetile in the silion detetor, while the last two
ranges, C and D, orrespond to the detetion of the reoil-
ing
208
Pb nulei from the target. The individual spetra
from the four sub-sets of data are shown in Fig. 8. This
division is again a ompromise between the maximum
number of data sets and the minimum level of statistis
required to extrat the -ray yields. A division into only
two ranges of sattering angles improves the unertainty
of the -ray yields, but was found to result in an in-
suÆient number of data points to determine the large
number of matrix elements needed to desribe the data.
The yields extrated from the spetra of Fig. 8 are sum-
marized in Table II.
During the data analysis it was found that the silion
detetor was not fully aligned with the beam axis in the
experiment. The ount rates are not isotropially dis-
tributed over the azimuthal setors of the detetor. By
measuring the Rutherford sattering ross setion indi-
vidually for the azimuthal setors and omparing to a
Monte Carlo simulation, the displaement of the dete-
tor with respet to the beam axis was found to be 3.0(5)
mm. This misalignment breaks the ylindrial symmetry
of the set-up and introdues an azimuthal dependene
of the sattering angle (), whih had to be taken into
aount for the Doppler orretion of the  rays and the
Coulomb exitation analysis. The small overlap between
the ranges of sattering angles B and C (see Table II)
is also due to this misalignment. The Doppler orre-
tion improves signiantly when taking the displaement
into aount, and the same resolution as for the
76
Kr
TABLE II: Observed -ray transitions in
74
Kr with their in-
tensities (without eÆieny orretion) for the four dierent
ranges of sattering angles.
Data set I
i
I
f
E

(keV) Counts Error
A 2
+
1
0
+
1
456 4550 200
[24:0
Æ
; 54:5
Æ
℄ 4
+
1
2
+
1
558 400 80
6
+
1
4
+
1
768 27 10
8
+
1
6
+
1
967 11 6
2
+
2
2
+
1
746 36 6
0
+
3
2
+
1
1198
a
2
+
2
0
+
1
1202
a
82 10
2
+
2
0
+
2
694 26 5
B 2
+
1
0
+
1
456 2044 100
[54:5
Æ
; 73:9
Æ
℄ 4
+
1
2
+
1
558 445 30
6
+
1
4
+
1
768 55 10
8
+
1
6
+
1
967 15 5
2
+
2
2
+
1
746 55 10
0
+
3
2
+
1
1198
a
2
+
2
0
+
1
1202
a
55 15
2
+
2
0
+
2
694 22 5
2
+
3
0
+
2
1233 17 10
C 2
+
1
0
+
1
456 1775 100
[67:1
Æ
; 97:3
Æ
℄ 4
+
1
2
+
1
558 630 50
6
+
1
4
+
1
768 140 25
8
+
1
6
+
1
967 35 20
2
+
2
2
+
1
746 103 15
0
+
3
2
+
1
1198
a
2
+
2
0
+
1
1202
a
112 10
2
+
2
0
+
2
694 35 15
2
+
3
0
+
2
1233 25 10
(4
+
2
) 2
+
2
b
910 8 5
2
+
3
2
+
1
1285 16 5
D 2
+
1
0
+
1
456 1090 100
[97:3
Æ
; 144:5
Æ
℄ 4
+
1
2
+
1
558 440 30
6
+
1
4
+
1
768 130 30
8
+
1
6
+
1
967 53 20
2
+
2
2
+
1
746 90 30
0
+
3
2
+
1
1198
a
2
+
2
0
+
1
1202
a
59 15
2
+
2
0
+
2
694 25 15
2
+
3
0
+
2
1233 25 15
(4
+
2
) 2
+
2
b
910 8 4
2
+
3
2
+
1
1285 12 4
a
Unresolved doublet; yield of the sum of both transitions.
b
Alternative assignment (4
+
2
) ! 4
+
1
.
experiment is ahieved. This is shown in Fig. 9, where
the dierent steps of the Doppler orretion proess are
illustrated.
IV. COULOMB EXCITATION ANALYSIS
A. GOSIA analysis
The Coulomb exitation analysis was performed using
the least squares tting ode GOSIA [8, 16℄. A standard
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FIG. 8: Spetra from the
74
Kr experiment orresponding to the dierent ranges of sattering angles as dened in Table II.
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FIG. 9: Gamma-ray spetra from the
74
Kr experiment illus-
trating the data proessing: Spetrum a) has no ondition on
the partile detetor; only the radioative bakground from
the beam and the room is visible. Spetrum b) has a o-
inidene ondition with sattered partiles, but no Doppler
orretion is applied. Spetrum ) is Doppler orreted as-
suming that the silion detetor was aligned with the beam
axis. The misalignment of the silion detetor was inluded in
the Doppler orretion for spetrum d), resulting in the nal
spetrum of Fig. 7 (for the full energy range and on a loga-
rithmi sale). All spetra are shown without any bakground
subtration.

2
funtion is onstruted from the measured -ray yields
and those alulated from a omplete set of eletromag-
neti matrix elements, both transitional and diagonal,
between all known states involved in the exitation pro-
ess (see Fig. 3). As long as the \safe" ondition from
eq. 1 is fullled, the eletromagneti exitation probabil-
ity an be alulated with very high preision in a semi-
lassial way [9℄. The
208
Pb target is assumed to be inert
and its eletromagneti exitation an be negleted due
to the high exitation energy of the rst exited state
(I

= 3
 
at 2.6 MeV).
In order to exploit the dependene of the exitation
probability on the sattering angle, the data is divided
into several sub-sets orresponding to dierent ranges of
sattering angles, as desribed in the previous setion.
An alternative (or additional) method would be to use
dierent target materials and exploit the Z dependene
of the Coulomb exitation ross setion. Due to the weak
intensities of the radioative beams, the level of statistis
of the -ray spetra is limited, and the bins of satter-
ing angles are relatively wide. As the number of matrix
elements, i.e. the number of degrees of freedom in the
tting proess, is similar to the number of data points
(-ray yields), the tting problem is under-determined.
However, the onvergene of the t an be improved
by using experimentally known spetrosopi data suh
as lifetimes, branhing and mixing ratios as additional
data points in the t. The experimental unertainties of
the respetive spetrosopi information enter into the

2
t of the matrix elements. In experiments with sta-
ble beams, whih do not suer from low statistis, these
quantities an be treated as free parameters, and all the
spetrosopi information an in priniple be extrated
diretly from the Coulomb exitation data.
In order to alulate the -ray yields from the matrix
elements, the position and geometry of all detetors and
their relative eÆieny have to be taken into aount. In
view of the lose geometry it is also important to orret
for the small displaement of the silion detetor with re-
spet to the beam axis in the
74
Kr experiment. The exat
reprodution of the experimental yields requires the in-
tegration over the range of sattering angles as dened
in Tables I and II, and over the range of bombarding en-
ergies resulting from the energy loss of the projetiles in
the lead target. The -ray intensities are orreted for in-
ternal onversion. The angular distribution of the  rays
is taken into aount; it is orreted for relativisti eets
and the attenuation aused by the nulear deorientation
eet during reoil into vauum.
It is of great advantage that the level shemes of both
74
Kr and
76
Kr were known and that all known transi-
tions ould be identied. Therefore most of the matrix
8elements that are important in the exitation proess are
well dened. The non-observation of a transition, i.e. an
upper limit of its intensity, is also used in the tting pro-
ess and has to be reprodued by the matrix elements.
In some ases it is possible to extrat E2 matrix elements
between known states even if no transition was observed.
The nulear levels are rst grouped into band strutures
and the matrix elements are initialized assuming a rota-
tional relation between them. This serves only the pur-
pose of nding realisti starting values. No assumptions
onerning the rotational struture of the states are made
during the minimization proess.
The result of the 
2
minimization is a set of redued
matrix elements hI
2
kM(E2)kI
1
i that reprodues the ex-
perimental data. The transitional matrix elements are
related to the redued E2 transition probabilities as:
B(E2; I
1
! I
2
) =
jhI
2
kM(E2)kI
1
ij
2
2I
1
+ 1
:
The transitional quadrupole moment in the intrinsi ref-
erene frame an be expressed in the rotational model
as:
eQ
t
0
=
r
16
5
1
p
2I
1
+ 1
hI
2
kM(E2)kI
1
i
hI
1
K
1
20jI
2
K
2
i
:
Note that one has to make assumptions about the K
quantum numbers of the initial and nal states in order to
express the matrix element as a transitional quadrupole
moment, whereas the B(E2) value is model independent.
The signs of the transitional matrix elements are relative
and give no additional information about the shape.
The diagonal matrix element is a diret measure of the
spetrosopi quadrupole moment Q
s
(I) of the state in
the laboratory frame and, using the sign onvention of
Alder and Winther [9℄, an be written as:
Q
s
=
r
16
5
hI I 2 0jI Ii
p
2I + 1
hIkM(E2)kIi:
The diagonal matrix elements are related to the stati
quadrupole moments of the nulear state in the intrin-
si frame and therefore to the harge distribution of the
nuleus in that state:
eQ
s
0
=
r
16
5
1
p
2I + 1
hIkM(E2)kIi
hI K 2 0jI Ki
:
In order to extrat the stati quadrupole moment from
the diagonal matrix element an assumption on the K
value of the state is again needed. The sign of the diag-
onal matrix element is related to the type of quadrupole
deformation: for K = 0 a negative value orresponds to
a prolate and a positive value to an oblate deformation
in the intrinsi frame of the nuleus.
B. Matrix elements for
76
Kr
In the ase of
76
Kr the 
2
minimization was performed
with 33 E2 and 5 M1 matrix elements. Branhing ratios
TABLE III: Relative intensities I

[13, 17℄ and mixing param-
eters Æ [13℄ for mixed E2=M1 transitions in
76
Kr.
I

i
I

f
E

(keV) I

Æ(E2=M1)
2
+
2
2
+
1
797 1:0 0:2(1)
2
+
2
0
+
1
1221 0:69(4)
2
+
3
0
+
2
918 1:0
2
+
3
0
+
1
1688 0:288(10)
2
+
3
2
+
1
1264 0:212(7)
2
+
3
4
+
1
653 0:092(3)
2
+
3
2
+
2
467 0:046(16)
4
+
2
4
+
1
923 1:0  0:84(5)
4
+
2
2
+
2
736 0:56(15)
4
+
2
2
+
1
1533 0:28(8)
and E2=M1 mixing ratios from previous work were used
as additional data for the t; they are summarized in
Table III. The lifetimes of all states that enter into the
Coulomb exitation analysis exept those of the 2
+
3
and
the 6
+
2
states were experimentally known. They are sum-
marized in Table IV. To test the onsisteny between the
lifetime and Coulomb exitation measurements, the 
2
minimization was rst performed without using the life-
times as additional input data. The resulting lifetimes of
the states in the ground-state band agree with the mea-
sured values from Ref. [18, 19℄ within the experimental
unertainties. The analysis for
74
Kr, however, revealed
signiant disrepanies between the lifetimes extrated
from the Coulomb exitation data and those found in the
literature, as will be disussed in the next hapter. These
inonsistenies prompted a new lifetime measurement for
several states in both
74
Kr and
76
Kr with improved au-
ray [20℄, the results of whih are also presented in Table
IV. The lifetime found for the 2
+
1
state is longer than that
of Ref. [18℄, while that for the 4
+
1
state is shorter. The
results from the Coulomb exitation experiment are in
between the values of the two measurements. The mea-
sured lifetimes were then used as additional input data
in the GOSIA analysis, whih enhaned the sensitivity to
the diagonal matrix elements and the transitional matrix
elements between higher-lying states. This enhaned sen-
sitivity allowed extrating a lifetime also for the 2
+
3
state,
whih was previously unknown.
The transitional E2 matrix elements found in the min-
imization with GOSIA are presented in Table V together
with the transitional quadrupole moments and the B(E2)
values. The diagonal matrix elements are given in Table
VI together with the dedued stati and spetrosopi
quadrupole moments. The M1 matrix elements for the
mixed transitions between states of the same spin and
parity are shown together with the orrespondingB(M1)
values in Table VII. All matrix elements are treated
equally in t; they are shown separately for larity of the
presentation. The results are ompared to theoretial al-
ulations, whih will be disussed in Chapter V. Some of
the transitional E2 matrix elements between high-lying
non-yrast states and the diagonal matrix elements for
9TABLE IV: Lifetimes of the relevant states in
76
Kr. The
values from various measurements are ompared to a reent
reoil-distane lifetime measurement [20℄ and to the results
from the present Coulomb exitation experiment with and
without the independently measured lifetimes as additional
input data for the GOSIA t of the matrix elements.
 (ps) (GOSIA)
I

 (ps) Ref.  (ps) [20℄
free onstr.
2
+
1
36.0(10) [18℄ 41.5(8) 38.0(22) 41.2(6)
4
+
1
4.9(4) [18℄ 3.67(9) 4.4(2) 3.9(1)
6
+
1
0.86(10) [19℄ 0.97(29) 0.82(5) 0.76(6)
8
+
1
0.29(3) [19℄ 0.25(3)
10
+
1
0.14(2) [19℄ 0.15(3)
0
+
2
61.0(80) [17℄ 68.3(25)
2
+
2
1.4(2) [13℄ 1.6(1)
4
+
2
1.3(4) [14℄ 1.3(2)
2
+
3
0.47(5)
some of the higher-lying states ould not be established
within meaningful errors and are omitted in Tables V and
VI. Nevertheless they entered into the 
2
minimization.
The same is true for some of the M1 matrix elements of
the transitions between states of the same spin.
Starting values and signs of the matrix elements have
been systematially hanged in the initialization of the t
and also during the minimization proedure in order to
avoid trapping in loal 
2
minima. The signs of the tran-
sitional matrix elements are relative. Multiple ombina-
tions of signs an result in exatly the same population
of the states. Positive signs were hosen for the tran-
sitional matrix elements in the ground-state band and
other in-band transitions. The signs of all other transi-
tional matrix elements are determined relative to these.
The signs of the diagonal matrix elements are observables
and annot be hosen. Changing the sign of any of the
diagonal matrix elements shown in Table VI results in a
higher 
2
value of the t. In addition, the relative phases
of the transitional matrix elements between the dierent
0
+
and 2
+
states were investigated. Changing the sign
of a losed loop of three matrix elements
P
3
(I

1
; I

2
; I

3
) =
hI

1
kM(E2)kI

2
ihI

2
kM(E2)kI

3
ihI

3
kM(E2)kI

1
i
always resulted in a higher 
2
value, showing the sen-
sitivity to the signs of the transitional matrix elements.
On the other hand, the signs of the diagonal matrix el-
ements remained the same when the sign of P
3
was in-
verted, showing the robustness of the t for the diagonal
matrix elements. As an example, the 
2
inreases from
1.7 to 13 (after minimization) when hanging the phase
P
3
(0
+
2
; 2
+
1
; 2
+
2
) from positive to negative. In that ase the
diagonal matrix elements for the 2
+
1
and 2
+
2
states hange
from -0.9 to -0.6 eb and from -1.0 to -0.5 eb, respetively.
To further illustrate the sensitivity of the t to the di-
agonal matrix elements, the 
2
variation is shown as a
funtion of the diagonal matrix elements for the 2
+
1
, 4
+
1
-3 -2 -1 0 1 2
< I || M(E2) || I >   (eb)
1
1.1
1.2
1.3
1.4
1.5
χ2
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FIG. 10: Normalized 
2
urves as a funtion of the diagonal
matrix elements of the 2
+
1
, 4
+
1
, and 2
+
3
states in
76
Kr. Only the
one matrix element in question was varied in the alulation
of the -ray yields in order to illustrate the sensitivity of the

2
t to this matrix element.
and 2
+
3
states in Fig. 10. In order to nd these 
2
val-
ues only the one diagonal matrix element in question was
varied, and the -ray yields were alulated from the en-
semble of all matrix elements. The 
2
funtions for the
dierent states are normalized to the same value in or-
der to allow a quantitative omparison of their behavior.
The 
2
urves resulting from the variation of the diag-
onal matrix elements for the 2
+
1
and 4
+
1
states are very
narrow, showing that the t is very sensitive to these ma-
trix elements, whih have onsequently a relatively small
unertainty. The urve for the 2
+
3
state is muh wider,
so that this matrix element is less well dened and the
error is larger. It should be noted, however, that this
one-dimensional variation of the matrix elements serves
only the purpose of illustrating the sensitivity of the t.
To nd the values and errors of the matrix elements, all
matrix elements are varied in a multi-dimensional t in-
luding a full error analysis of the orrelated parameters
[22℄.
Both the angular distribution of the  rays and the
deorientation of the nulear alignment have to be taken
into aount in the 
2
minimization of the -ray yields.
The deorientation is due to the interation between the
reoiling nuleus and utuating hyperne elds reated
by atomi eletrons. The eet attenuates the angular
distribution of the  rays. The omplex deorientation
eet is treated in a simplifying phenomenologial two-
state deorientation model [23, 24℄. The most important
parameters in this model are the spin and lifetime of the
state, as well as its gyromagneti fator. While the life-
times of the states are either taken from a omplemen-
tary measurement or ome diretly out of the GOSIA t,
the g fators are mostly unknown. In these ases the g-
fator values from the general approximation g = Z=A
an be used, even though there an be signiant devia-
tions from that value depending on the struture of the
10
TABLE V: Redued E2 matrix elements for in-band and inter-band transitions in
76
Kr. The dedued B(E2) values are
ompared to theoretial results.
I

1
I

2
hI
2
kM(E2)kI
1
i (eb) Q
t
0
(eb) B(E2; I
1
!I
2
) (e
2
b
2
) Skyrme [21℄ Gogny
2
+
1
0
+
1
0:849
+0:006
 0:006
2:69
+0:02
 0:02
0.144
+0:002
 0:002
0.202 0.117
4
+
1
2
+
1
1:49
+0:01
 0:01
2:94
+0:03
 0:03
0.247
+0:006
 0:006
0.281 0.234
6
+
1
4
+
1
1:90
+0:11
 0:03
2:98
+0:17
 0:06
0.28
+0:03
 0:01
0.39 0.30
8
+
1
6
+
1
2:25
+0:16
 0:10
3:02
+0:22
 0:14
0.30
+0:05
 0:03
0.44
10
+
1
8
+
1
2:19
+0:22
 0:14
2:60
+0:26
 0:15
0.23
+0:05
 0:03
2
+
3
0
+
2
0:87
+0:04
 0:02
2:77
+0:12
 0:07
0.15
+0:01
 0:01
0.04 0.08
4
+
2
2
+
2
0:89
+0:10
 0:13
1:77
+0:20
 0:26
0.09
+0:02
 0:03
0.11
2
+
3
0
+
1
0:121
+0:004
 0:005
0.0029
+0:0002
 0:0002
0.0033 0.0002
2
+
2
0
+
1
0:183
+0:008
 0:006
0.0067
+0:0005
 0:0004
0.0010
0
+
2
2
+
1
 0:490
+0:011
 0:008
0.241
+0:011
 0:009
0.0001 0.234
2
+
3
2
+
1
 0:200
+0:009
 0:008
0.0080
+0:0007
 0:0007
0.0829 0.00006
2
+
2
2
+
1
 0:09
+0:04
 0:04
0.002
+0:002
 0:002
0.148
4
+
2
2
+
1
0:09
+0:01
 0:19
0.0010
+0:0003
 0:0010
0.0015
2
+
3
4
+
1
0:52
+0:05
 0:05
0.055
+0:012
 0:010
0.095 0.049
2
+
2
4
+
1
 0:62
+0:04
 0:05
0.079
+0:014
 0:014
0.023
4
+
2
4
+
1
0:43
+0:03
 0:03
0.021
+0:003
 0:003
0.076
2
+
2
0
+
2
1:22
+0:08
 0:04
0.30
+0:04
 0:02
0.025
2
+
3
2
+
2
0:81
+0:10
 0:24
0.13
+0:03
 0:07
0.04
TABLE VI: Diagonal matrix elements for
76
Kr. The dedued intrinsi and spetrosopi quadrupole moments are ompared
to theoretial values.
I

hIkM(E2)kIi (eb) Q
s
0
(eb) Q
s
(eb) Skyrme [21℄ Gogny
2
+
1
-0.9
+0:3
 0:3
2.5
+0:8
 0:8
-0.7
+0:2
 0:2
-0.78 -0.50
4
+
1
-2.3
+0:4
 0:4
4.7
+0:8
 0:8
-1.7
+0:3
 0:3
-1.25 -0.85
6
+
1
-2.9
+0:4
 0:4
5.1
+0:7
 0:7
-2.0
+0:3
 0:3
-1.44 -1.01
2
+
3
1.3
+0:5
 0:5
-3.4
+1:3
 1:3
1.0
+0:4
 0:4
0.25 0.04
2
+
2
-1.0
+0:5
 0:5
-2.6
+1:3
 1:3
a
-0.7
+0:3
 0:3
0.26
a
assuming K = 2, opposite sign in ase of K = 0
TABLE VII: Redued M1 matrix elements between states
of the same spin and parity and the orresponding B(M1)
values.
I

1
I

2
hI
2
kM(M1)kI
1
i (
N
) B(M1; I
1
!I
2
) (
2
N
)
2
+
2
2
+
1
-0.42(1) 0.035(2)
4
+
2
4
+
1
-0.39(3) 0.017(3)
state. The g fator of the 2
+
1
state in
76
Kr was reently
measured to be g = +0:37(11) [25℄. The inuene of the g
fator and the deorientation eet on the matrix elements
was investigated by omparing the results obtained using
the measured g fator with those using g = Z=A = 0:47,
or ignoring the deorientation eet entirely. No dierene
was found for the transitional matrix elements when in-
luding the deorientation eet or not, and when using
Z=A or the measured value. The diagonal matrix element
of the 2
+
1
state diered by 8% when the deorientation was
not inluded in the alulation. The dierene between
using g = 0:37 and g = 0:47, however, was negligible.
Consequently, the approximation g = Z=A was used to
model the deorientation eet for the higher-lying states
in
76
Kr and for all states in
74
Kr.
The fat that the 2
+
3
! 0
+
2
transition with 918 keV
annot be fully resolved from the 4
+
2
! 4
+
1
transition
with 923 keV requires partiular attention for the eval-
uation of the respetive matrix elements. It is possible
to inlude suh doublets in the GOSIA analysis by only
xing the sum of both -ray intensities rather than using
the individual ones. This results neessarily in less a-
urate values for the matrix elements. The transitional
matrix elements that are found without any further as-
sumptions about the doublet show that the transition
strength for the 2
+
3
! 0
+
2
transition is muh higher than
for the 4
+
2
! 4
+
1
transition. In addition to that, the pop-
ulation of the 4
+
2
state is expeted to be muh weaker
than for the 2
+
3
state, beause it requires at least a two-
step exitation, while the rather olletive 2
+
3
state at a
similar exitation energy an be reahed in one step. If
the 4
+
2
state were populated, not only its deay to the
4
+
1
state, but also the 736 keV transition to the 2
+
2
state
should be observed. This branhing ratio was reported
to be 0.56 [13℄ and 0.82 [19℄. Sine there is no onvin-
ing evidene in the spetra for a 736 keV transition (see
Figs. 2 and 5) it an be assumed that the 4
+
2
state is
11
only weakly populated, if at all, and that the ontribu-
tion of the 4
+
2
! 4
+
1
transition to the peak observed at
920 keV an be negleted. This assumption improves
the auray for both the transitional matrix elements
of the respetive transitions and for the diagonal matrix
element of the 2
+
3
state. Following this argumentation,
no deay from the 4
+
2
state is observed, and onsequently
the diagonal matrix element for this state annot be de-
termined.
The matrix elements of Table V are grouped into in-
band transitions in the upper part of the table and
inter-band transitions in the lower part. The in-band
transitions omprise all transitions of the ground-state
band and the 2
+
3
! 0
+
2
and 4
+
2
! 2
+
2
transitions (see
Fig. 3). All in-band transitions have large matrix el-
ements, i.e. they are olletive, as expeted for well-
deformed rotational bands. The dedued B(E2) val-
ues are fully ompatible with those extrated from the
measured lifetimes [19, 20℄. The drop of the transitional
quadrupole moments Q
t
0
in the lower part of the ground-
state band has been interpreted as a sign for mixing of
prolate and oblate ongurations in the low-spin states
[20℄. This interpretation is further supported by the
large matrix elements for some of the inter-band tran-
sitions. The fat that the 0
+
2
state is strongly linked to
all three observed 2
+
states, on the other hand, indiates
that a grouping of the states into rotational bands is not
straightforward and that the situation might be more
omplex than the desription with two rotational bands
built on strongly deformed prolate and oblate states to-
gether with a quasi-gamma band. The transitional ma-
trix elements allow to determine previously unknown life-
times, for example for the 2
+
3
state, or to improve the pre-
ision of previously known lifetimes, as is summarized in
Table IV.
The diagonal matrix elements for the three lowest
states of the ground-state band and for the two exited
2
+
states are given in Table VI together with the dedued
stati and spetrosopi quadrupole moments. The nega-
tive sign of the diagonal matrix elements for the states in
the ground-state band proves their prolate shape. The
absolute size of the quadrupole moments dereases to-
wards the bottom of the band. This shows that the de-
formation for the 2
+
1
state is indeed smaller than for the
states above. In addition, the values of the stati and
transitional quadrupole moments for this state are rather
similar, as expeted for a rotational nuleus. Very large
stati quadrupole moments are found for the higher-spin
states in the ground-state band, whih dier from the
transitional quadrupole moments. This might be due to
a possible oupling to other unknown states, whih ould
not be taken into aount in the analysis.
The diagonal matrix element of the 2
+
3
state has a
relatively large unertainty, mainly beause no transi-
tion above this state was observed. Nevertheless there is
no doubt about the positive sign of the matrix element,
whih is onsistent with the assumption of an oblate-
deformed K = 0 band. The large E2 matrix element to
TABLE VIII: Branhing ratios for several transitions in
74
Kr
measured after  deay of
74
Rb [15℄.
I

i
I

f
E

(keV) I

2
+
2
0
+
1
1202 1:0
2
+
2
2
+
1
746 0:73(58)
2
+
2
0
+
2
694 0:30(35)
2
+
3
0
+
2
1233 1:0
2
+
3
2
+
1
1285 0:31(21)
0
+
2
0
+
1
508 1:0
0
+
2
2
+
1
52 1:50(36)
0
+
2
2
+
1
52 1:2(5)
a
a
Branhing ratio from Ref. [7℄
the 0
+
2
state further supports the assumption of a rota-
tional harater of the state, so that the assoiation of
the 2
+
3
state with an oblate shape seems well justied.
The negative sign of the matrix element for the 2
+
2
state is more diÆult to understand. In ase of a quasi-
gamma band (with K = 2), the quadrupole moment in
the body-xed frame Q
s
0
beomes negative, indiating
an oblate shape, in ontradition to the assumption of
a gamma vibration based on the prolate ground state.
Indeed, the oupling of the 2
+
2
state to the 0
+
2
state is
muh stronger than that to the ground state. If one as-
sumes K = 0 for the 2
+
2
state, the quadrupole moment
Q
s
0
beomes positive, indiating a prolate shape, in whih
ase the interpretation of a quasi-gamma band is also ex-
luded, besides the fat that there should be a third 0
+
state for whih there is no evidene. As was argued be-
fore, the strong oupling between all three bands and in
partiular between the 0
+
2
state and all three 2
+
states
blurs a lear separation and grouping into band stru-
tures, as will be disussed in more detail in setion V.
C. Matrix elements for
74
Kr
The 
2
minimization of the -ray yields for
74
Kr was
performed with 31 E2 and 5 M1 matrix elements on-
neting the known states as shown in Fig. 3. As in the
ase of
76
Kr, experimentally known branhing ratios and
lifetimes were used as additional input data in the tting
proedure. The branhing ratios that were reently mea-
sured after  deay of
74
Rb [15℄ are summarized in Table
VIII. The deay of the 0
+
2
state represents a speial ase
beause the E0 branh to the ground state proeeds ex-
lusively via onversion eletrons and the E2 branh to
the 2
+
1
state has very low energy and is onsequently also
highly onverted. Even though the Coulomb exitation
experiment was not sensitive to onversion eletrons, the
deay of this state with its branhing ratio and partial
lifetimes [7℄ an nevertheless be used to onstrain the t.
No mixing ratios are known in
74
Kr.
Lifetimes in
74
Kr have been measured for the 2
+
1
and 4
+
1
states using the reoil-distane method [26, 27℄,
and using the Doppler-shift attenuation method for the
12
TABLE IX: Lifetimes of states in
74
Kr. The values from vari-
ous measurements are ompared to a new reoil-distane life-
time measurement [20℄ and to the results from the Coulomb
exitation experiment with and without the lifetimes from
Ref. [20℄ as omplementary input data.
 (ps) (GOSIA)
I

 (ps) Ref.  (ps) [20℄
free onstr.
2
+
1
23.5(20) [26℄ 33.8(6) 29.6(2.1) 33.8(6)
4
+
1
13.2(7) [27℄ 5.2(2) 5.9(5) 5.3(2)
6
+
1
1.08(14) [29℄ 1.09(23) 1.4(5) 1.01(9)
8
+
1
0.35(5) [29℄ 0.32(6)
10
+
1
0.16(3) [29℄ 0.16(3)
0
+
2
33.8(50)10
3a
[7℄ 36.2(43)10
3a
2
+
2
2.0(2)
0
+
3
0.09(2)
a
a
Partial lifetime of E2 branh to the 2
+
1
state.
higher-lying states of the ground-state band [26, 28, 29℄.
The lifetime of the isomeri 0
+
2
state was established in a
onversion-eletron measurement [7℄. The lifetime values
are summarized in table IX.
Before using the literature values for the lifetimes as
omplementary input in the tting proedure, their on-
sisteny with the Coulomb exitation data was examined.
The results, also given in Table IX, show a strong devia-
tion from the values reported in Ref. [26, 27℄. Espeially
the lifetime of the 4
+
1
state is found to be signiantly
shorter than previously reported. On the other hand,
using the lifetimes of the 2
+
1
and 4
+
1
states in the GOSIA
t in order to enhane the sensitivity to the diagonal ma-
trix elements is even more important in
74
Kr than it was
in
76
Kr, as the level of statistis is more limited.
The inonsisteny between the earlier lifetime mea-
surements and the Coulomb exitation data an be fur-
ther investigated by omparing the experimental -ray
intensities as a funtion of sattering angle with those
alulated from the matrix elements obtained using the
lifetimes. This is shown in Fig. 11 for the 2
+
1
!0
+
1
and
4
+
1
!2
+
1
transitions. The data points represent the ob-
served -ray intensities normalized by the number of sat-
tered projetiles for several angular ranges. The uner-
tainties are large for small angles beause of diret beam
hitting the innermost detetor rings. The dashed lines
show the -ray yields alulated from the full set of ma-
trix elements obtained in a t that was onstrained by the
lifetimes reported by Tabor et al. for the 2
+
1
[26℄ and by
Roth et al. for the 4
+
1
state [27℄. The range of sattering
angles for this omparison was limited to small values

m
< 70
Æ
, where higher-order eets and in partiu-
lar the inuene of the diagonal matrix elements are ex-
peted to be small, so that this omparison of -ray yields
represents a relatively lean test of the B(E2) strengths
and of the lifetimes of the respetive states. The fat
that the -ray yields annot be reprodued simultane-
ously for both transitions shows that the Coulomb exi-
tation data are not ompatible with the lifetimes reported
20 30 40 50 60 70
θ
c.m.
  (deg)
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
N
γ 
/ N
K
r
21
+
41
+
old τ
new τ
FIG. 11: Gamma-ray intensities normalized by the number of
sattered projetiles as a funtion of the enter-of-mass sat-
tering angle for the 2
+
1
and 4
+
1
states in
74
Kr. The dashed
lines show the -ray yields alulated from the matrix ele-
ments that were obtained using the lifetimes of the 2
+
1
[26℄
and 4
+
1
states [27℄ in the GOSIA t. Using the lifetimes from
Ref. [20℄ instead results in the full lines.
in Ref. [26, 27℄.
This inonsisteny, whih makes the determination of
the diagonal matrix elements diÆult, prompted a new
reoil-distane lifetime experiment with muh improved
preision [20℄. The new measurement found slightly
longer and shorter lifetimes for the 2
+
1
and 4
+
1
states,
respetively, than expeted from the Coulomb exitation
data, but espeially the result for the 4
+
1
state is deviating
signiantly from the value reported by Roth et al. [27℄.
Possible reasons for this are disussed in Ref. [20℄. The
new results are ompared to the earlier measurements
and to the results from the Coulomb exitation data in
Table IX. When the lifetimes of the new measurement
are used in the GOSIA t, the inonsistenies disappear.
The -ray yields alulated from the re-evaluated matrix
elements based on the new lifetime results are shown as
full lines in Fig. 11. Even though the new lifetimes have
small unertainties and leave very little room for varia-
tions of the alulated -ray yields in the shown angular
range, the agreement is exellent, whih shows the full
onsisteny between the reoil-distane and the Coulomb
exitation measurements.
Using the new preise lifetimes in the GOSIA anal-
ysis enhanes the sensitivity to the higher-order eets
signiantly, so that many more transitional matrix el-
ements between higher-lying states and several diagonal
matrix elements ould be determined. The results for
the transitional matrix elements are summarized in Ta-
ble X; those for the diagonal matrix elements and the
stati quadrupole moments an be found in Table XI.
The inonsisteny with the previously reported lifetimes
illustrates a general diÆulty that an arise in Coulomb
exitation experiments with weak radioative beams of
rare isotopes, where the statistis is too limited to deter-
mine all parameters in the Coulomb exitation analysis
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FIG. 12: Normalized 
2
urves as a funtion of the diagonal
matrix elements of the 2
+
1
, 4
+
1
, and 2
+
2
states in
74
Kr. Only the
one matrix element in question was varied in the alulation
of the -ray yields in order to illustrate the sensitivity of the

2
t to this matrix element.
alone, and where at the same time the aess to spetro-
sopi information with omplementary methods is diÆ-
ult.
To illustrate the sensitivity of the Coulomb exitation
analysis to the diagonal matrix elements, 
2
urves for
the 2
+
1
, 4
+
1
, and 2
+
2
states are shown in Fig. 12 as fun-
tions of the diagonal matrix elements of the respetive
states. The urves are normalized in exatly the same
way as in Fig. 10 to allow a diret omparison. The 
2
minima are wider than in the
76
Kr ase, whih is mostly
due to the lower level of statistis in the
74
Kr experi-
ment. Again it should be noted that these urves annot
be used for an error analysis, as only one matrix element
was varied at a time, while the unertainties given in ta-
bles X and XI are based on the simultaneous t of the
orrelated matrix elements.
The high level of statistis for the transitions in the
ground-state band allows extrating the -ray intensities
for smaller angular bins than the four ranges that were
used in the GOSIA analysis (see Table II). The intensi-
ties of the 4
+
1
!2
+
1
and the 6
+
1
!4
+
1
transitions are shown
in the upper part of Fig. 13 as funtions of the sattering
angle. The intensities are normalized to the 2
+
1
!0
+
1
tran-
sition in order to minimize the systemati errors from the
eÆienies of the germanium and silion detetors. The
full lines orrespond to the -ray intensities alulated
from the omplete set of matrix elements found in the 
2
minimization (see Tables X and XI). Even though the
matrix elements were extrated from the -ray yields of
only four angular ranges, the agreement with the more
detailed analysis is remarkable and shows the onsisteny
of the analysis. The dashed line results from inverting
the sign of the diagonal matrix elements for the states of
the ground-state band. The inversion of the signs leads
to a disagreement espeially for the large enter-of-mass
sattering angles, i.e. for small impat parameters and a
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20 40 60 80 100 120 140
In
te
ns
ity
0
0.1
0.2
0.3
0.4
0.5
0.6
)+10→+1(2γI
)+12→+1(4γI
)+10→+1(2γI
)+14→+1(6γI
prolate
oblate
Center-of-Mass Scattering Angle (deg)
20 40 60 80 100 120 140
In
te
ns
ity
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
)+10→+1(2γI
)+12→+2(2γI
FIG. 13: Gamma-ray yields as a funtion of sattering angle
for the 4
+
1
!2
+
1
, 6
+
1
!4
+
1
(top) and 2
+
2
!2
+
1
(bottom) transi-
tions in
74
Kr normalized to the 2
+
1
!0
+
1
transition. The lines
represent the orresponding yields based on the full set of ma-
trix elements. The dashed line in the upper graph resulted
from an inversion of the signs of the diagonal matrix elements
for the states in the ground-state band.
lose approah of projetile and target, while the small
sattering angles are mostly sensitive to the rst-order
exitation proess, i.e. to the B(E2) values, as was dis-
ussed in the ontext of Fig. 11. The dierene between
the yields alulated for dierent signs of the diagonal
matrix elements illustrates the sensitivity of the measure-
ment to the reorientation eet. Again, this annot be
used for a quantitative analysis, beause only some se-
leted matrix elements were arbitrarily hanged, while
both the transitional and the diagonal matrix elements
of the non-yrast states were kept unhanged. The seond
graph shows the equivalent plot for the 2
+
2
!2
+
1
transi-
tion, also normalized to the 2
+
1
!0
+
1
transition. Beause
the yield is smaller for this transition, the intensity has
to be divided into fewer and wider angular bins. The
agreement with the yield alulated from the matrix el-
ements is yet another example for the onsisteny of the
analysis.
The transitional matrix elements in Table X are again
grouped into the in-band transitions (as illustrated in
Fig. 3) in the top part of the table and inter-band transi-
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TABLE X: Redued E2 matrix elements for in-band and inter-band transitions in
74
Kr. The dedued transitional quadrupole
moments and redued transition probabilities are ompared to theoretial values.
I

1
I

2
hI
2
kM(E2)kI
1
i (eb) Q
t
0
(eb) B(E2; I
1
!I
2
) (e
2
b
2
) Skyrme [21℄ Gogny
2
+
1
0
+
1
0:782
+0:007
 0:007
2:48
+0:02
 0:02
0.122
+0:002
 0:002
0.188 0.104
4
+
1
2
+
1
1:60
+0:03
 0:03
3:16
+0:05
 0:05
0.285
+0:010
 0:009
0.340 0.248
6
+
1
4
+
1
1:98
+0:10
 0:09
3:10
+0:15
 0:13
0.30
+0:03
 0:03
0.41 0.34
8
+
1
6
+
1
2:25
+0:23
 0:16
3:02
+0:31
 0:21
0.30
+0:07
 0:04
0.45
10
+
1
8
+
1
2:35
+0:29
 0:18
2:79
+0:35
 0:22
0.26
+0:07
 0:04
0.48
2
+
2
0
+
2
 0:48
+0:03
 0:04
 1:51
+0:10
 0:11
0.045
+0:007
 0:007
0.027 0.045
4
+
2
2
+
2
 0:55
+0:16
 0:08
 1:10
+0:33
 0:15
0.035
+0:020
 0:011
0.120 0.118
2
+
2
0
+
1
 0:199
+0:018
 0:011
0.0079
+0:0009
 0:0009
0.0147 0.0014
2
+
3
0
+
1
 0:172
+0:021
 0:014
0.0059
+0:0010
 0:0010
0.00002
0
+
2
2
+
1
0:68
+0:04
 0:03
0.47
+0:05
 0:05
0.18 0.36
2
+
2
2
+
1
0:49
+0:04
 0:04
0.047
+0:007
 0:008
0.055 0.172
0
+
3
2
+
1
0:59
+0:07
 0:05
0.35
+0:09
 0:06
0.0009
2
+
2
4
+
1
0:47
+0:28
 0:20
0.045
+0:070
 0:029
0.043 0.066
2
+
3
0
+
2
0:68
+0:27
 0:27
0.09
+0:09
 0:06
0.06
TABLE XI: Diagonal matrix elements for
74
Kr. The dedued intrinsi and spetrosopi quadrupole moments are ompared
to theoretial values.
I

hIkM(E2)kIi (eb) Q
s
0
(eb) Q
s
(eb) Skyrme [21℄ Gogny
2
+
1
-0.70
+0:33
 0:30
1.85
+0:85
 0:79
-0.53
+0:24
 0:23
-0.91 -0.48
4
+
1
-1.0
+0:6
 0:2
2.1
+1:2
 0:4
-0.8
+0:4
 0:2
-1.31 -0.98
6
+
1
-1.8
+0:5
 0:7
3.1
+0:8
 1:3
-1.3
+0:3
 0:5
-1.46
2
+
2
0.33
+0:28
 0:23
0.86
+0:73
 0:60
a
0.24
+0:21
 0:17
0.43 0.09
2
+
3
0.4
+1:1
 0:4
1.1
3:1
 1:0
a
0.3
+0:9
 0:3
0.37
a
Sign depending onK: negative forK = 0 and positive forK = 2.
tions in the bottom part. Only those matrix elements are
shown that ould be established with reasonable uner-
tainties. The transitions within the ground-state band
show a derease in the lower part of the band similar
to the
76
Kr ase. This has also been interpreted as a
sign for a mixing of the low-spin states and shape o-
existene [20℄. The transitions of the exited band are
less olletive than the transitions of the ground-state
band. Many of the inter-band transitions presented in
the lower part of Table X are surprisingly strong. In par-
tiular the matrix element for the 0
+
2
!2
+
1
transition is
almost as large as that of the 2
+
1
!0
+
1
transition. This
supports the interpretation of a strong mixing between
prolate and oblate shapes for the two 0
+
states, whih
was proposed in Ref. [7℄ based on the 
2
(E0) strength
and the distortion of the rotational ground-state band.
Lifetimes an be extrated for those states for whih the
matrix elements of the depopulating transitions ould be
suÆiently well determined, yielding the previously un-
known lifetimes of the 2
+
2
and 0
+
3
transitions. The results
are summarized in table IX.
The negative sign of the diagonal matrix elements for
the states in the ground-state band proves their prolate
harater. The quadrupole moments indiate a derease
of deformation towards the ground state. The role of the
2
+
2
and 2
+
3
states is not entirely lear. If one assumes
that the 0
+
2
, 2
+
2
, and 4
+
2
states form a rotational band
with K = 0, whih seems justied by the large matrix
elements onneting the states, the positive sign of the
h2
+
2
kM(E2)k2
+
2
i matrix element orresponds to oblate
shape. On the other hand there is also a strong oupling
between the 2
+
3
and 0
+
2
states, so that the 2
+
3
state, whih
has also a positive diagonal matrix element, is another
andidate for an oblate rotational state built on the 0
+
2
state. In the latter ase the 2
+
2
and 4
+
2
states ould be
explained as members of a gamma-vibrational K = 2
band, whereas in the former ase the 2
+
3
state ould be
interpreted as a K = 2 state. Similar as for
76
Kr, the
initial piture of two oexisting rotational bands with
prolate and oblate shapes is learly too simple, as oblate
and prolate as well as K = 0 and K = 2 omponents
seem to be strongly mixed in the wave funtions of the
various states.
V. DISCUSSION
The large number of experimental eletromagneti ma-
trix elements for the low-spin states in
74
Kr and
76
Kr al-
lows a detailed disussion of the shape oexistene phe-
nomenon in these nulei. In partiular, negative values
were found for the diagonal matrix elements of several
states in the ground-state band of both isotopes, onrm-
ing the prolate shape of these states. Positive matrix ele-
15
ments were found for exited 2
+
states whih are strongly
onneted to the 0
+
2
states in both
74
Kr and
76
Kr, on-
sistent with an oblate harater of these states. These
results onrm the prolate-oblate shape oexistene se-
nario in both isotopes under study. However, a loser in-
spetion of the matrix elements of Tables V, VI, X, and
XI shows that the atual senario is more ompliated.
In partiular the inuene of the third 2
+
state observed
in both isotopes and usually interpreted as member of a
quasi-gamma band needs further investigation.
The strength of the 2
+
1
! 0
+
1
transition is strongly re-
dued ompared to the other transitions of the ground-
state bands in both isotopes in aordane with the as-
sumption of inreased mixing towards the band heads.
The derease is stronger in
74
Kr than in
76
Kr, pointing
to a stronger mixing in
74
Kr. The stati quadrupole mo-
ments, whih measure the shape of the nuleus in the
respetive state, show a similar behavior.
The results are disussed in the following rst in the
ontext of a simplifying phenomenologial two-level mix-
ing model, and then on the basis of more elaborated nu-
lear struture alulations. Model-independent shape
parameters based on the quadrupole sum rule method
will be dedued and disussed in the nal setion.
A. Shape oexistene in a two-state mixing model
The two-state mixing model is a simple and useful rst
approah for interpreting the properties of physial states
based on the mixing of dierent intrinsi ongurations.
The model is based on the assumption of two regular ro-
tational bands with olletive in-band transitions, but no
\ross talk" between the intrinsi states of the dierent
bands. The mixing of states with the same spin-parity
I

is desribed by a mixing angle 
I
. The model is often
used to dedue mixing properties from the energy dis-
plaement of the states with respet to an ideal rotor, as
was done for example in Ref. [7℄. It is now possible to test
the validity of the model desription for the transitional
matrix elements. The observed physial states jI
1;2
i an
be written as a linear ombination of the intrinsi pure
prolate and oblate states jI
pr
i and jI
ob
i, respetively,
jI
1
i = + os 
I
jI
pr
i+ sin 
I
jI
ob
i;
jI
2
i =   sin 
I
jI
pr
i+ os 
I
jI
ob
i:
The ondition of no \ross talk" between the bands
means that for all states I; J :
hI
ob
kM(E2)kJ
pr
i = 0:
The observed matrix elements between the dierent 2
+
and 0
+
states an then be expressed in terms of the
\pure" matrix elements and the mixing angles:
M
11
= h2
1
kM(E2)k0
1
i =
sin 
0
sin 
2
h2
ob
kM(E2)k0
ob
i
+ os 
0
os 
2
h2
pr
kM(E2)k0
pr
i;
M
12
= h2
1
kM(E2)k0
2
i =
os 
0
sin 
2
h2
ob
kM(E2)k0
ob
i
  sin 
0
os 
2
h2
pr
kM(E2)k0
pr
i;
M
21
= h2
2
kM(E2)k0
1
i =
sin 
0
os 
2
h2
ob
kM(E2)k0
ob
i
  os 
0
sin 
2
h2
pr
kM(E2)k0
pr
i;
M
22
= h2
2
kM(E2)k0
2
i =
os 
0
os 
2
h2
ob
kM(E2)k0
ob
i
+ sin 
0
sin 
2
h2
pr
kM(E2)k0
pr
i:
Solving the system of equations yields the following ex-
pressions:
tan 
0
= A
p
A
2
+ 1; (2)
with
A =
M
2
11
+M
2
21
 M
2
12
 M
2
22
2(M
11
M
12
+M
21
M
22
)
;
tan 
2
=
M
11
tan 
0
+M
12
M
21
tan 
0
+M
22
;
h2
pr
kM(E2)k0
pr
i =
M
11
os 
2
 M
21
sin 
2
os 
0
;
h2
ob
kM(E2)k0
ob
i =
M
21
os 
2
+M
11
sin 
2
sin 
0
:
The latter matrix elements an be used to alulate the
intrinsi quadrupole moments Q
0
for the bands with pure
prolate and oblate onguration, respetively:
Q
pr
0
=
r
16
5
h2
pr
kM(E2)k0
pr
i;
Q
ob
0
=
r
16
5
h2
ob
kM(E2)k0
ob
i:
The experimental matrix elements for the relevant tran-
sitions in
74
Kr and
76
Kr are again summarized in Fig. 14.
The resulting mixing angles and quadrupole moments are
given in table XII. The system of equations has two so-
lutions (see eq. 2), whih are labeled `+' and ` ' in the
table.
Both solutions for
74
Kr yield a nearly maximum mix-
ing for the two 0
+
states. The rst solution `+', however,
results in a mostly oblate 2
+
1
and mostly prolate 2
+
2
state,
in ontradition to the signs of the diagonal matrix ele-
ments. The large quadrupole moment for the oblate and
small quadrupole moment for the prolate band of this
solution are also in ontradition to the experimental re-
sults, whih suggest the opposite. Therefore it seems
legitimate to disard the `+' and adopt the ` ' solution.
The squared mixing amplitude of the prolate ongura-
tion in the ground state is thus found to be os
2

0
=
0.48(2), in perfet agreement with the value 0.48(1) ex-
trated from the positions of the low-spin states with
respet to a rotor referene [7℄. The squared mixing am-
plitude of os
2

2
= 0:82(20) for the prolate ongura-
tion in the 2
+
1
state shows that the purity of the wave
16
1.49
0.85
0.78
1.60
−0.48
−0.20
0.12
−0.20
+1.3
+0.33
4
2
0
2
0
+
+
+
+
+
−2.3
−1.0
−0.9
−0.7
0.87
0.49
−0.49
0.68
FIG. 14: Summary of the transitional and diagonal matrix
elements for the relevant states in
76
Kr and
74
Kr (itali). Note
that the exited 2
+
state orresponds to the 2
+
2
state in
74
Kr
and to the 2
+
3
state in
76
Kr.
TABLE XII: Mixing amplitudes for the 0
+
and 2
+
states
and quadrupole moments for the bands with pure prolate
and oblate onguration determined in the two-level mixing
model. The olumns labeled `+' and ` ' orrespond to the
two solutions of eq. 2. The matrix elements in the lower part
were alulated from the mixing amplitudes.
74
Kr
76
Kr
+   +  
os
2
(
0
) 0.52(2) 0.48(2) 0.69(4) 0.31(4)
os
2
(
2
) 0.18(7) 0.82(20) 0.36(11) 0.64(14)
Q
pr
0
0.66(30) 3.62(48) 2.31(31) 3.48(48)
Q
ob
0
-3.62(19) -0.66(86) -3.48(41) -2.31(37)
h2
1
kM(E2)k2
1
i 1.08(11) -1.08(33) 0.53(21) -0.53(25)
h2
ex
kM(E2)k2
ex
i
a
0.04(13) -0.04(39) -0.09(20) 0.09(24)
h2
1
kM(E2)k2
ex
i
a
-0.62(11) 0.62(32) -1.05(12) 1.05(14)
a
j2
ex
i orresponds to j2
2
i for
74
Kr and j2
3
i for
76
Kr
funtions inreases rapidly with spin. The higher-lying
states of the ground-state band an be onsidered to have
a pure prolate onguration. The quadrupole moment
Q
pr
0
= 3:6(5) eb agrees well with the experimental values
of Q
t
0
 3:1 eb found for the transitions of the ground-
state band above the 2
+
1
state (see table X). The small
value found for the quadrupole moment Q
ob
0
shows again
that the absolute deformation for the oblate band is muh
smaller than for the prolate band, even though the un-
ertainty is rather large.
Under the assumption of the model, i.e. for a on-
stant quadrupole moment within the intrinsi bands of
pure onguration, one an use the mixing angles and
quadrupole moments of Table XII to alulate further
matrix elements, e.g.
h2
1
kM(E2)k2
1
i =  
5
4
r
2
7
 
Q
pr
0
os
2

2
+Q
ob
0
sin
2

2

;
h2
2
kM(E2)k2
2
i =  
5
4
r
2
7
 
Q
pr
0
sin
2

2
+Q
ob
0
os
2

2

;
h2
1
kM(E2)k2
2
i =
5
4
r
2
7
sin 
2
os 
2
 
Q
pr
0
 Q
ob
0

:
The results are given in the lower part of Table XII. The
matrix elements found with the seond (` ') solution for
74
Kr are in reasonable agreement with the experimen-
tal values (see Tables X and XI). The opposite signs of
the matrix element for the rst (`+') solution show again
the validity of adopting the ` ' solution. The two-level
mixing model desribes the situation in
74
Kr very on-
sistently despite its simpliity and limitations. In par-
tiular, it supports the assumption of maximum mixing
between a strongly prolate (
2
 0.4) and a weaker oblate
onguration (
2
 -0.1) for the 0
+
states.
The two-level mixing model works less well for
76
Kr.
None of the two solutions is onsistent with mostly pro-
late ongurations for both the 0
+
1
and 2
+
1
states. The
mixing angle 
0
of the `+' solution agrees well with
os
2
() = 0:73(1) found by Bouhez et al. [7℄, but in this
ase only a small prolate amplitude is found for the 2
+
1
state. The ` ' solution orresponds to a predominantly
prolate 2
+
1
state, but then the 0
+
1
state is found predomi-
nantly oblate, in ontradition to the experimental result.
The absolute values found for the quadrupole moments
of the pure bands seem to be more onsistent with the
` ' solution. The signs of the diagonal matrix elements
for the 2
+
states agree with the ` ' solution, but the sign
of the inter-band matrix element h2
1
kM(E2)k2
3
i favors
the `+' solution, even though the absolute value from
the two-level mixing model is muh too large. The in-
suÆieny of the model for
76
Kr is probably due to the
strong oupling with the presumed quasi-gamma band,
in partiular between the 2
+
2
and 2
+
3
states. The dierent
oupling of the oblate 2
+
state in
74
Kr and
76
Kr is also
reeted in the signs of the transitional matrix elements
to the 0
+
1
and 2
+
1
states, whih are opposite for
74
Kr and
76
Kr. Instead of trying to inlude more states, e.g. in a
three-band mixing model, the experimental matrix ele-
ments are ompared in the following to theoretial alu-
lations based on mean-eld models, whih go beyond the
stati approah and are able to inlude full onguration
mixing.
B. Shape oexistene in mean-eld based models
Nulear bulk properties are well desribed through-
out the nulear hart by self-onsistent mean-eld mod-
els. In order to desribe dynami orrelation eets and,
for example, olletive exitations, one has to go beyond
the stati mean-eld approah. A tehnique that is well
suited to desribe shape oexistene is the generator o-
ordinate method (GCM) with the quadrupole moment
as generator oordinate. The method determines the
onguration mixing in a variational way and provides
exitation spetra and matrix elements. Self-onsistent
Hartree-Fok-Bogolyubov alulations have been per-
formed using the Gogny D1S fore and the GCM ap-
proah with Gaussian overlap approximation. A ve-
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FIG. 15: Stati quadrupole (top) moments and B(E2) values
(bottom) for
74
Kr (left) and
74
Kr (right). The experimental
values are ompared to the onguration mixing alulations.
dimensional olletive Hamiltonian is used aounting for
the axial and triaxial deformation and the three rota-
tional degrees of freedom. The formalism is desribed in
more detail in Ref. [30℄.
Partial results of the alulations have already been
presented in Tables V, VI, X, and XI, where the spe-
trosopi quadrupole moments and the transition proba-
bilities for in-band and out-of-band transitions are om-
pared to the experimental values and to reent alu-
lations using a similar approah by Bender et al. [21℄.
The latter alulations are performed with the Skyrme
SLy6 fore and a density-dependent pairing interation.
Bender et al. use the full GCM approah and mixing of
the mean-eld ongurations after projetion on angular
momentum and partile number. The alulations are,
however, restrited to axially symmetri shapes. Possi-
ble K = 2 states, for example, are therefore outside the
model spae.
Fig. 15 ompares the experimental B(E2) values and
quadrupole moments with the alulations as a funtion
of angular momentum. The exitation energies of the
prolate and oblate states and the transition strengths be-
tween them are ompared in the level shemes of Fig. 16.
In the gures and the following disussion the alula-
tions of the present work and that of Bender et al. are
referred to as `Gogny' and `Skyrme', respetively. It
should be noted, however, that there are other dier-
enes between the two approahes besides the eetive
interation.
First it is observed that the alulation based on the
Skyrme fore does not reprodue the energies of the states
orretly. It nds a predominantly oblate ground state
and an exited prolate onguration for both
74
Kr and
76
Kr in ontrast to the experimental results, whih give
rm evidene for the prolate harater of the ground-
state band. The spetra found in the Skyrme alulation
are furthermore too spread out in exitation energy. It
should be noted, however, that the experimental energy
dierene between the 0
+
1
and 0
+
2
states in
74
Kr of about
500 keV is mostly due to the repulsion of the strongly
mixed states, and that the intrinsi prolate and oblate
ongurations are therefore almost degenerate. Small
deviations in energy an thus hange the ordering of the
prolate and oblate states in the alulation. The fat
that Bender et al. nd an oblate ground state also for
76
Kr and even for
78
Kr is a deieny that was explained
by the relative position of ertain single-partile levels,
whih might not be orretly reprodued with the SLy6
eetive interation [21℄. Another possible explanation is
the restrition of the Skyrme alulation to axial shapes.
The ve-dimensional alulation based on the Gogny
fore reprodues not only the exitation energies of the
prolate and oblate rotational bands, but nds also a 2
+
,
4
+
, and 6
+
state with predominant K = 2 harater in
76
Kr very lose to the experimentally observed states of
the presumed gamma-vibrational band.
The transition strengths within the prolate band and
in partiular the derease towards the ground state are
well reprodued by both alulations. The deformation
for the states of higher spin is found somewhat too large
in the Skyrme alulation. The very large matrix element
between the prolate 2
+
1
and the exited 0
+
2
state is well
reprodued by the Gogny alulation, while it is strongly
underestimated by the Skyrme alulation. It should be
noted that the B(E2) values of Fig. 16 are always given
in the diretion of the transition and may therefore dier
by a fator of 2I
i
+1 in some ases where the ordering is
reversed.
A grouping of the non-yrast states above the 0
+
2
state
into band strutures is not straightforward. The exita-
tion energies of the 2
+
2
, 3
+
1
, 4
+
2
, 5
+
1
, and 6
+
2
states in both
isotopes are onsistent with an interpretation of these se-
quenes as gamma-vibrational bands. The Gogny-based
alulation reprodues these sequenes very well and on-
rms a predominant K = 2 harater of the states. In
this senario the 2
+
3
states in both isotopes an be in-
terpreted as rotational states with oblate harater built
on the exited 0
+
2
states. The exitation energies and
transition strengths found in the Gogny alulation are
in agreement with this interpretation, as is the sign of the
experimental diagonal matrix elements for the 2
+
3
states.
The alulation nds strong mixing of K = 0 and K = 2
omponents for the 2
+
2
and 2
+
3
states in both isotopes,
whih blurs a lear lassiation of the states.
It is interesting to note that experimentally the 2
+
2
state ouples dierently in
74
Kr and
76
Kr: In
74
Kr the
state deays with equal strengths to the 2
+
1
and 0
+
2
states,
whereas in
76
Kr it deays almost entirely to the 0
+
2
state.
The dierent harater of the 2
+
2
states in the two iso-
topes is also seen in the diagonal matrix elements, where
opposite signs are found experimentally. If one assumes
K = 2 for the 2
+
2
states, the negative sign of the diago-
nal matrix element in
76
Kr orresponds to oblate shape,
whih would explain the predominant deay to the 0
+
2
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FIG. 16: Comparison between the theoretial and experimental level shemes for the oblate and prolate bands in
76
Kr (top)
and
74
Kr (bottom). The exitation energies of the states are drawn to sale and the widths and labels of the arrows represent
the alulated and measured B(E2) values, respetively.
state. The positive sign found for the 2
+
2
state in
74
Kr
orresponds to prolate shape under the assumption of
K = 2. This dierene is not reprodued by the Gogny
alulation, where the 2
+
2
states an be interpreted as
gamma bands in the usual sense built on the ground
state.
A detailed omparison of the spetrosopi quadrupole
moments (see Tables VI, XI and Fig. 15) is somewhat
hampered by the rather large unertainties of the exper-
imental values. The spetrosopi quadrupole moments
for the 4
+
and 6
+
states, in partiular the very large
experimental values for
76
Kr, should be taken with are
sine their non-yrast partners are not known. Taking
this into aount, both the Gogny and the Skyrme alu-
lations are in reasonable agreement with the experiment.
It an be onluded that onguration-mixing al-
ulations are a valid approah to desribe the shape-
oexistene phenomenon. The experimental set of matrix
elements in
74
Kr and
76
Kr represents a stringent test of
the theoretial models. While the alulation of Bender
et al. desribes many global features of shape oexistene
in the light krypton isotopes orretly, ertain details are
not reprodued, in partiular the ordering of the prolate
and oblate states. The agreement with the Gogny alu-
lation, on the other hand, is remarkable. This suggests
that it is important to inlude the triaxial degree of free-
dom in the alulations. This result will be disussed in
more detail in a forthoming artile from the theoretial
perspetive [31℄.
C. Rotational invariants and the sum-rule method
Finally, the matrix elements are analyzed using a
model-independent desription of the nulear shape
in terms of global quadrupole-deformation parameters.
This an be done by onstruting rotational invariants
of zero-oupled produts of the E2 operator, whih an
be linked to the deformation parameters in the intrinsi
frame of the nuleus [8, 16℄.
The eletri quadrupole operator E( = 2; ) is a
spherial tensor whih an be parameterized in the prin-
ipal axes frame using the two parameters Q and Æ as:
E(2; 0) = Q os(Æ);
E(2; 1) = E(2; 1) = 0;
E(2; 2) = E(2; 2) =
1
p
2
Q sin(Æ):
The parameter Q measures the overall deformation and
is equivalent to the elongation parameter  in the Bohr
model, whereas Æ is related to the triaxiality parameter .
The simplest zero-oupled produts of the E2 operator
an then be written as:
hIk[E2E2℄
0
kIi =
Q
2
p
5
;
hIkf[E2E2℄
2
E2g
0
kIi =  
r
2
35
Q
3
os(3Æ):
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The E2 invariants an be expressed in the laboratory
frame by an expansion over all possible intermediate
states using Wigner's 6j symbols:
hI
i
k[E2E2℄
0
kI
i
i =
( 1)
2I
i
p
2I
i
+ 1
X
j
hI
i
kM(E2)kI
j
ihI
j
kM(E2)kI
i
i

2 2 0
I
i
I
i
I
j

;
hI
i
kf[E2E2℄
2
E2g
0
kI
i
i =
1
2I
i
+ 1
X
j;k
hI
i
kM(E2)kI
j
ihI
j
kM(E2)kI
k
ihI
k
kM(E2)kI
i
i
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FIG. 17: Quadrupole deformation parameters obtained by
the sum-rule method for the 0
+
states in
74
Kr and
76
Kr.
If the relevant matrix elements are experimentally
known, the deformation parameters an be determined
in a model-independent way by summing over all losed
loops of E2 matrix elements, inluding diagonal ones,
onneted to a spei state. This method is partiu-
larly useful to attribute shape parameters to 0
+
states,
whih are not diretly aessible in the laboratory frame.
Besides statistial errors of the E2 matrix elements, an
additional systemati error omes from an inomplete
knowledge of the matrix elements. Any loop that is not
onsidered in the sum will redue the deformation pa-
rameter Q
2
and may hange the triaxiality parameter
os(3Æ) depending on the relative signs of the unknown
matrix elements. The analysis of the rotational invariants
in the present ase of
74
Kr and
76
Kr has therefore been
restrited to the 0
+
states, so that only the transitional
matrix elements h0
i
kM(E2)k2
j
i and the diagonal matrix
elements for the dierent 2
+
states have to be onsidered.
In deformed nulei most of the E2 strength is exhausted
by the rst rotational 2
+
state. Due to the shape oexis-
tene and onguration mixing also the exited 2
+
states
ontribute signiantly to the shape parameters of the 0
+
states in the krypton isotopes. Extending the analysis to
states of higher spin seems unreliable beause the set of
matrix elements annot be onsidered to be omplete for
higher-spin states.
The resulting quadrupole deformation parameters for
the rst and seond 0
+
states in
74
Kr and
76
Kr are pre-
sented in Fig. 17. The Q
2
parameter is very similar for
the ground states in
74
Kr and
76
Kr. It seems surprising
that in
74
Kr the deformation parameter for the exited
oblate 0
+
2
state is larger than that of the prolate ground
state, even though the absolute value of the experimental
quadrupole moment is larger for the prolate 2
+
1
than for
either of the exited 2
+
states. The dierene between
the ground state and exited 0
+
2
state is even more pro-
nouned in
76
Kr. The extremely large Q
2
value of the
0
+
2
state is related to the strong oupling of this state
to all three 2
+
states, in partiular to the 2
+
2
state. It
is interesting to note in this ontext that the experimen-
tal quadrupole moment of the oblate 2
+
3
state is indeed
very large, and also the analysis in the two-band mixing
model suggests a rather large oblate deformation, so that
there seems to be experimental evidene for an inrease
in oblate deformation from
74
Kr to
76
Kr.
The parameter os(3Æ) suggests an almost purely pro-
late shape for the ground state of
76
Kr and a mostly pro-
late shape with some triaxiality for the ground state of
74
Kr. An oblate triaxial shape is found for the exited 0
+
2
state in
76
Kr and maximum triaxiality for the 0
+
2
state
in
74
Kr. The results found for the triaxiality parame-
ter os(3Æ) are in qualitative agreement with the ndings
of the two-band mixing model. The mixing of prolate
and oblate ongurations leads to a ertain triaxiality of
the 0
+
states. In the ase of
74
Kr the maximum mixing
between a large prolate and smaller oblate deformation
ould introdue a slight triaxiality in the ground state,
but aet the shape of the 0
+
2
state muh stronger, re-
sulting in a shape with large triaxiality. The results again
onrm the importane of the triaxial degree of freedom
for the desription of the shape oexistene phenomenon.
D. Conlusions
The disussion in the previous setions has shown that
a onsistent desription of the omplex shape oexis-
tene and interpretation of the experimental data an
be ahieved by sophistiated theoretial alulations go-
ing beyond the stati mean-eld approah by inluding
the mixing of many basis states. It is found that the
struture of the low-lying states in the light krypton iso-
topes is dominated by the oexistene of prolate and
20
oblate ongurations. The phenomenologial two band-
mixing model gives some insight into the mixing of the
wave funtions, but it is learly too simple to desribe
all experimental data. The formalism of quadrupole sum
rules is useful to derive shape parameters in a model-
independent way, in partiular for 0
+
states. However,
the requirement of omplete sets of matrix elements lim-
its the appliability of the method.
Conguration-mixing alulations based on mean-eld
models and the generator-oordinate method oer the
possibility to desribe the physial states, inluding tran-
sition strengths and spetrosopi quadrupole moments.
The obtained agreement with the experimental data is
satisfying, keeping in mind that there are no free param-
eters to adjust, and that the eetive interations are
derived globally. From the results it seems lear that
the triaxial degree of freedom must be inluded into suh
alulations. In order to further onlude about the ef-
fetive interation, it would be instrutive to perform
onguration-mixing alulations with the Gogny inter-
ation while enforing axial symmetry, and, on a longer-
term perspetive, to inlude triaxiality in the approah
based on the Skyrme interation.
VI. SUMMARY
Shape oexistene in the light krypton isotopes was
studied in two low-energy Coulomb exitation experi-
ments using the radioative
74
Kr and
76
Kr beams of the
SPIRAL faility. Transitional and diagonal matrix el-
ements of low-lying states in
74
Kr and
76
Kr were ex-
trated from the observed -ray yields. The transition
strengths are in good agreement with the results of a re-
ent lifetime measurement. Using the preise lifetimes
as additional input in the analysis of the Coulomb exi-
tation data enhaned the sensitivity to the reorientation
eet and allowed extrating spetrosopi quadrupole
moments for several exited states. The negative diag-
onal matrix elements of the states in the ground-state
bands of both isotopes under study prove their prolate
harater. The exited 2
+
2
and 2
+
3
states are interpreted
as gamma-vibrational and oblate rotational states, re-
spetively. However, a lear lassiation of the states is
diÆult due to the mixing of prolate and oblate ong-
urations on one hand, and K = 0 and K = 2 ongura-
tions on the other hand.
The matrix elements were interpreted in a phenomeno-
logial two-band mixing model. The results onrm the
earlier nding of maximum mixing between prolate and
oblate ongurations in the wave funtions of the 0
+
states in
74
Kr. The purity of the wave funtions in-
reases rapidly with spin, explaining the inrease in the
transition strength and at the same time the very strong
inter-band transitions between the dierent 2
+
and 0
+
states. However, the model fails to desribe onsistently
the band mixing in
76
Kr, probably due to the strong ou-
pling with the presumed gamma-vibrational band. The
quadrupole sum rule formalism was applied to derive
shape parameters for the 0
+
states.
The transition strengths and quadrupole moments are
ompared to reent theoretial alulations going beyond
the stati mean-eld approah. The onfrontation of the
alulations with the large set of experimental matrix ele-
ments represents a stringent test of the models and ee-
tive interations. The results emphasize the importane
of inluding the triaxial degree of freedom to desribe the
shape oexistene in the light krypton isotopes.
The present work represents the rst diret experi-
mental proof of the proposed shape oexistene senario,
and the reorientation eet has been exploited for the
rst time with a radioative ion beam. The ground-state
shape of the N = Z nuleus
72
Kr is expeted to be dom-
inated by the oblate onguration. The relatively small
B(E2; 0
+
1
! 2
+
1
) value found for
72
Kr in an intermediate-
energy Coulomb exitation experiment has been inter-
preted as favoring an oblate shape [32℄, but annot prove
the inversion of the ground-state shape for
72
Kr. The
measurement of quadrupole moments in
72
Kr remains a
hallenge for future low-energy Coulomb exitation ex-
periments.
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